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Abstract: We report the first demonstration of multibeam ptychography using synchrotron hard
X-rays, which can enlarge the field of view of the reconstructed image of objects by efficiently
using partially coherent X-rays. We measured the ptychographic diffraction patterns of a Pt
test sample and MnO particles using three mutually incoherent coherent beams with a high
intensity that were produced by using both the multiple slits and a pair of focusing mirrors. We
successfully reconstructed the phase map of the samples at a spatial resolution of 25 nm in a field
of view about twice as wide as that in the single-beam ptychography. We also computationally
simulated a feasible experimental setup using random modulators to further enlarge the field
of view by increasing the number of available beams. The present method has the potential to
enable the high spatial resolution and large field-of-view observation of specimens in materials
science and biology.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
The emergence of third-generation synchrotron light sources enables the practical use of coherent
beams in the hard X-ray region. One of the important applications is X-ray ptychography, which
is a scanning variant of the coherent X-ray diffraction imaging method used to observe extended
specimens [1,2]. A specimen is laterally scanned with a step separation smaller than the incident
beam size, and multiple coherent X-ray diffraction patterns are recorded. The data redundancy of
the diffraction dataset enables the robust reconstruction of a complex-valued sample and wave
field functions via iterative phasing methods [3,4]. The achievable spatial resolution of X-ray
ptychography is determined by the angular extent of the diffracted wave. Therefore, the resolution
limit imposed by the fabrication accuracy of the X-ray lens can be overcome. Highly focused
hard X-ray beams are useful for collecting large-angle diffraction data with a high signal-to-noise
ratio [5–8]. Focused X-ray ptychography has provided high spatial resolution images in materials
science and biological applications [9].
A currently daunting task in X-ray ptychography is to realize a high spatial resolution and a
large field of view, which have a trade-off relationship. To achieve this task, it is essential to
improve the coherent flux in synchrotron radiation. However, this is technically difficult in the
hard X-ray region owing to the low coherent/incoherent ratio of synchrotron light sources. To
alleviate the stringent coherence requirement in ptychography, the mixed-state reconstruction
algorithm has been proposed [10], which greatly relaxed the coherence requirement and enabled
the realization of dynamic imaging [11] and on-the-fly scan measurement [12,13]. However,
although this algorithm allows us to efficiently use coherent X-rays in synchrotron radiation [14],
the coherent fluence limits the spatial resolution and/or field of view of X-ray ptychography [6].
Multibeam ptychography is a promising approach formarkedly improving the available coherent
flux, which uses multiple spatially separated coherent beams that are mutually incoherent or
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coherent. Multibeam ptychography is more dose efficient for high resolution and wide field
of view imaging when compared with ptychography using partially coherent beams since the
coherent fraction contributes to improve the spatial resolution [14]. Multibeam ptychography
was first demonstrated in the visible light region [15], in which the image reconstruction was
performed by an algorithm based on the information multiplexing [16]. A subsequent paper also
described visualization using multiple mutually coherent beams with autocorrelation filtering
[17]. Note that the coherent fluence does not limit the field of view of multibeam ptychography.
Multibeam ptychography using synchrotron X-rays should be useful for improving the field of
view of the reconstructed images.
In this study, we demonstrate multibeam X-ray ptychography using an undulator source in
SPring-8. First, we develop an optical system installed with both multiple slits and a pair of
focusing mirrors, which can provide multiple mutually incoherent coherent beams with a high
intensity. Then, we measure ptychographic diffraction patterns of a Pt test sample and MnO
particles and reconstruct images of both the sample and the probe. Finally, we present further
improvement of multibeam ptychography using random modulators by computer simulation.
2. Principle of multibeam X-ray ptychography
Multibeam ptychography with synchrotron X-rays uses multiple spatially separated beams, which
are themselves fully coherent but mutually incoherent. The exit wave ψn can be written by
ψn(r) = Pn(r) · On(r) under the multiplicative approximation, where Pn is the probe function
from the nth slit with the separation ∆rn and On is the object function illuminated by the nth
probe Pn. The far-field diffracted wave field Ψn is derived by Ψn(k) = F[ψn(r)], where F is the
Fourier transform operator. Therefore, the diffraction intensity I obtained when using N mutually





The iterative phasingmethod ofmultibeamX-ray ptychography aims to simultaneously reconstruct
the complex transmission function On and the multiple probe functions Pn from the diffraction
dataset. The update order of the sample scanning position and probe mode is randomly changed
at each iteration. At the jth iteration, diffracted waves at the detector plane Ψn,j are constrained








Next, the updated functions Ψ′n,j are back-propagated to the sample plane to obtain ψ
′
n,j. In the
real-space, the object and probe functions are updated as follows:
On,j+1(r) = On,j(r) + α
P∗n,j(r)
Pn,max
{ψ ′n,j(r) − ψn,j(r)} (3)
Pn,j+1(r) = Pn,j(r) + β
O∗n,j(r)
On,max
{ψ ′n,j(r) − ψn,j(r)} (4)









In addition, a smoothness constraint based on the total variation (TV) [18] of the sample function
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is applied to facilitate the convergence of the multibeam phasing method [19] as follows:
O′n(r) = arg minOn
|Ψ′n(k) − F[Pn(r) · On(r)]|l2 + λ |On(r)|TV (5)
where λ is a regularization parameter, | · |l2 is the l2 norm, and | · |TV is the TV norm. These
processes are performed at every scanning points and repeated until convergence is reached.
3. Experimental and reconstruction methods
Amultibeam X-ray ptychography experiment was performed in the SPring-8 BL29XUL beamline
[20]. Figure 1(a) shows the experimental setup. The incident X-ray was monochromatized to
6.5 keV by a Si (111) double-crystal monochromator located 43 m downstream of the light
source. Multiple slits were positioned 52 m downstream of the X-ray source, which acted as
secondary source. According to the van Cittert–Zernike theorem, the transverse coherence length
in a slit position was 17 µm (in the horizontal direction, H) × 800 µm (in the vertical direction,
V), respectively. Figure 1(b) shows a scanning ion microscopy (SIM) image of the multiple
slits, which were made in a 50-µm-thick Pt film using a focused ion beam (FIB). The opening
of each hole was 10 µm (H) × 30 µm (V), which was smaller than the transverse coherence
length. The spacing between adjacent holes was 110 µm, which was much larger than the
transverse coherence length in the horizontal direction. The number of beams was controlled by
a variable-size slit positioned immediately before the multiple slits. A pair of Kirkpatrick–Baez
(KB) focusing mirrors (JTEC Corporation) were placed 48 m downstream of the multiple slits,
whose acceptance was 284 µm (H) × 315 µm (V). Figure 1(c) shows the focal profiles in the
horizontal direction, which were measured by the dark-field knife-edge scan method when the
multiple slits were adjusted to a single hole or three holes, from which the beam spacing ∆rn was
determined. The full width at half maximum (FWHM) size of each focal profile was 630 nm
in the horizontal direction, and the interval between the focal spots was 2.3 µm. On the other
hand, the FWHM size of the focal profile was 650 nm in the vertical direction. The intensities
Fig. 1. (a) Schematic of multibeam X-ray ptychography experiment at SPring-8. (b) SIM
image of the multiple slits. The scale bar represents 100 µm. (c) Focal intensity profiles in
the horizontal direction using the single beam and three beams. The beam spacing in the
three beams depends on the demagnification factor of the horizontal focusing mirror.
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of the focal position for the single slit and three slits were 4.99 × 108 photons/s and 1.49 × 109
photons/s, respectively, which increased almost proportionally to the number of slits.
As the samples, a Pt test pattern and MnO particles were prepared. The Pt test pattern was
fabricated using an FIB onto a 1-µm-thick Pt film deposited on a 500-nm-thick Si3N4 membrane
chip, whereas the MnO particles were dispersed in ethanol solution and added dropwise on
another 500-nm-thick Si3N4 membrane. The samples were observed by field-emission scanning
electron microscopy (FE-SEM) before the ptychographic measurements.
In the ptychographicmeasurements, each samplewasmounted on nanopositioning piezoelectric
stages in a vacuum chamber with a pressure of less than 0.1 Pa, and was positioned in the focal
plane. An ion chamber was inserted between the mirror and the sample to monitor the intensity
fluctuation of the incident beams. The Pt test pattern was raster-scanned at 6 (H) × 25 (V) points
with a step width of 300 nm and an exposure time of 10.0 s using the single beam and three
beams, whereas the MnO sample was raster-scanned at 6 (H) × 20 (V) points with a step width
of 300 nm and an exposure time of 5.0 s using the three beams. The diffraction patterns were
recorded at each scan position by an in-vacuum pixelated detector (EIGER 1M, Dectris) with
a pixel size of 75 µm that was placed 2.22 m downstream of the sample. In this experimental
setup, the pixel size in the real-space image was 12.5 nm. To increase the dynamic range of the
diffraction intensities, a 176-µm-thick semitransparent Si beamstop (intensity transmittance of
less than 0.01 for 6.5 keV X-rays) was placed in front of the detector.
In the iterative phase retrieval calculation, the iteration was continued for up to 2900
cycles. TV regularization was applied every 300 iterations, in which the two-step iterative
shrinkage/thresholding (TwIST) algorithm with the TV for the regularizer [21] was applied. The








n=1 |Ψn,rec(k, a)|2 |2∑
k,a I(k, a)
(6)
where Ψn,rec represents the reconstructed wave field at the detector plane and a represents the
scan coordinate.
4. Results
Figure 2(a) shows an FE-SEM image of the Pt test pattern and a schematic of the scanning
points for each beam. Figure 2(b) shows the diffraction patterns of the Pt test sample obtained
using the single beam and three beams. Figure 2(c) shows the reconstructed images of the Pt
test pattern for the single beam and three beams. The characters are clearly visualized in both
reconstructions. The field of view for the three beams is about twice as wide as that for the single
beam. The field of view in the multibeam reconstruction is not proportional to the beam number.
In the three beams reconstruction, the field of view for each beam partially overlaps to each other
since the side peaks of the focused beams highly contribute to the image reconstruction. Here,
the raster-scan geometry in X-ray ptychography likely generates periodic artefact [4], which
is observed in the the single beam reconstruction. On the other hand, the artefact disappears
in the three beams reconstruction. This is because the partial overlap of the field of view for
the multiple beams is helpful to break the symmetry of the raster-scan. Figures 2(d) and 2(e)
show the reconstructed probes for the single beam and three beams. The wave fields of the three
beams, which are independently reconstructed, are similar to each other. The wavefront similarity
caused the deterioration of the convergence, resulting in some low frequency artefact appear
in the three beams reconstruction. Next, using the reconstructed functions of both the sample
and the three mutually incoherent beams, the diffraction pattern at the illumination position in
Fig. 2(b) was calculated, as shown in Fig. 2(f), which was in good agreement with the measured
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Fig. 2. (a) FE-SEM image of the Pt test sample and schematic of scanning points for each
beam. The scale bar represents 2 µm. (b) Diffraction patterns of the Pt test sample obtained
using the single beam and three beams. Part of the central area of the diffraction patterns
is missing owing to the edge of the Si attenuator. The scale bars represent 10 µm−1. (c)
Reconstructed images of the Pt test sample for the single beam and three beams. The scale
bars represent 2 µm. (d) Reconstructed probe for the single beam measurement. The scale
bar represents 2 µm. (e) Reconstructed probe for the three beams measurement. The scale
bar represents 2 µm. (f) Diffraction pattern calculated from the reconstructed images. (g)
PRTF curves of the reconstructed sample images for the single beam and three beams. The
full-period spatial resolution can be determined by the intersection of 1/e threshold.
pattern. According to the Eq. (6), the reciprocal-space error was 2.79×10−4 in the three beams
reconstruction. The small error indicates the validity of the incoherence assumption of the
multibeam. By phase retrieval transfer function (PRTF) analysis, the spatial resolution was
determined to be 25.0 nm for the single-beam reconstruction and 26.7 nm for the three beams
reconstruction in Fig. 2(g). The resolution was not significantly degraded using the three beams.
Multibeam X-ray ptychography enlarged the field of view by efficiently using the synchrotron
light source.
Figure 3(a) shows an FE-SEM image of the MnO particles and a schematic of the scanning
points. Figure 3(b) shows the reconstructed image for the three beams. The shapes of the
individual particles are in good agreement with the FE-SEM image. The spatial resolution of the
MnO particles was determined to be 25.0 nm by PRTF analysis. High-efficiency imaging with a
large field of view was demonstrated even on a specimen with complex structures.





Fig. 3. (a) FE-SEM image of the MnO particles and schematic of scanning points for each
beam. (b) Reconstructed image of the MnO particles for the three beams. All the scale bars
represent 2 µm.
5. Discussion
In the above experiment, the small acceptance of the focusing device limited the number of
available beams. However, the size of the incident beam in the multiple slits was 1.6 mm in the
horizontal direction in the SPring-8 BL29XUL beamline, and therefore it is technically possible
to produce more than 10 beams and/or beam spacing larger than 2.3 µm using a large-acceptance
mirror. With increasing number of beams, it is concerned that the convergence of the phase
retrieval calculation will deteriorate owing to the similarity of the probe function. To improve
the convergence of the phase retrieval calculation, random modulators might [22,23] be useful
owing to the nonsimilarity of the probe function among the beams. Random modulators might
be also useful for removal of the low frequency artefact observed as shown in Fig. 2(c).
The usefulness ofmodulators inmultibeamptychographywas evaluated by computer simulation.
The simulated setup was similar to the present experimental conditions: X-rays of 6.5 keV were
two-dimensionally focused by KB mirrors to a 510 nm spot as shown in Fig. 4(a), a sample
was scanned at 6 × 25 points with a step width of 300 nm, and the beam separation was 2.2
µm. The sample was a mixture of 8-bit-depth standard pictures, and the contrast was assumed
to be proportional to the Ta sample thickness up to 200 nm. The maximum phase shift was
0.41 rad. One of the calculated diffraction patterns without modulator is presented in Fig. 4(b).
Each modulator consisted of a 500-nm-thick Au plate with 100-nm-diameter random through
holes. When using the random modulators, the sample was placed 500 µm downstream of the
modulators and the wave propagation between the sample and the modulators was calculated by
the angular spectrum method. Figures 4(c) and 4(d) show the incident probe function with the
modulator and the diffraction pattern, respectively. Iteration was continued for up to 2000 cycles,
in which TV regularization was applied every 300 iterations.
Figure 4(e) shows the beam number dependence of the reconstructed error with/without the
random modulators in multibeam X-ray ptychography, in which the reconstructed error is defined
in the real-space Ereal as follows:
Ereal =
∑





r O(r) · O∗rec(r)∑
r |Orec(r)|2
(8)
where Orec(r) represents the reconstructed object function. Without the modulator, the error
markedly increased when the number of beams was increased from four to five. On the other
hand, with the modulator, the image was successfully reconstructed even when the number of
































Fig. 4. (a) Incident wave field without the modulator. (b) Diffraction pattern obtained using
four beams without modulators. (c) Incident wave field with the modulators. (d) Diffraction
pattern obtained using 11 beams with the modulator. (e) Beam number dependence of the
real-space error of the reconstructed image with/without random modulators in multibeam
X-ray ptychography. (f) Reconstructed images for 11-beam with the modulator. The dashed
region in the sample image was used for calculating the real-space error. All the scale bars
in the real-space represent 2 µm, and all the scale bars in the reciprocal-space represent 10
µm−1.
beams reaches eleven, as presented in Fig. 4(f). Furthermore, the real-space error only slowly
increased when there were 11 beams. In the future, modulators will allow us to use synchrotron
X-rays with a higher efficiency in multibeam X-ray ptychography and to provide larger field of
view.
6. Conclusion
We have experimentally demonstrated multibeam ptychography using partially coherent X-rays
at SPring-8. We developed an optical system installed with both multiple slits and a pair of KB
focusing mirrors, which can provide multiple mutually incoherent coherent beams with a high
intensity. Ptychographic diffraction patterns of a Pt test pattern and MnO particles were measured
using a single beam and three beams. The images were successfully reconstructed at a spatial
resolution of 25.0 nm. The field of view for the three beams reconstruction was about twice as
wide as that for the single beam reconstruction. At present, the small acceptance of the focusing
device limits the number of available beams. Using random modulators and mirrors with a large
acceptance, the number of available beams in multibeam ptychography can be increased to eleven.
We believe that multibeam ptychography using synchrotron X-rays has the potential to enable the
high spatial resolution and large field of view observation of specimens in materials science and
biology.
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